Diverse animals use environmental sounds to orient in ecological soundscapes. Yet, we know little about how acoustic information use drives behavioral decisions to orient. Although the sound generated by frog choruses functions as noise that impairs signal reception by listeners in the aggregation, it can also serve as an informative ecological signal that allows other individuals to orient toward and localize active breeding aggregations. Here, we investigated the acoustic cues that elicit orientation toward the sound of a chorus in green tree frogs (Hyla cinerea) and Cope's gray tree frogs (Hyla chrysoscelis). We measured phonotaxis behavior of gravid females in response to playbacks of natural choruses and artificial choruses that differed in the types of acoustic information present. Females of both species oriented to natural choruses and to artificial choruses that contained information on the actual timing and temporal structure of individual calls embedded in the sound of the chorus. Artificial choruses with the time-averaged frequency spectrum and amplitude-modulation spectrum of natural choruses, but lacking information on the timing and temporal structure of individual calls, did not elicit positive phonotaxis. Our results indicate that temporal information from individual calls in the din of chorus sounds is necessary to elicit soundscape orientation. Because the temporal structure of individual calls may degrade quickly as the sound of the chorus propagates through the habitat, orientation to breeding choruses based on acoustic information alone may be limited to relatively short distances in these 2 species.
INTRODUCTION
Noise is a ubiquitous feature of environmental soundscapes that functions as a potent source of selection on animal communication systems by disrupting information use (Brumm and Slabbekoorn 2005; Bee and Micheyl 2008; Brumm 2013; Wiley 2015) . The acoustic signals produced by conspecific and heterospecific individuals are well-known sources of biotic noise with often negative consequences for successful communication (Römer 2013) . Likewise, abiotic noise, such as the sounds of wind or fast-flowing water, can interfere with communication (Ladich 2013) . As a result, animal communication systems exhibit adaptations that function to mitigate the impacts of biotic and abiotic noise (reviewed in Brumm 2013) . Importantly, however, noise need not have only negative impacts.
In the context of soundscape orientation (Slabbekoorn and Bouton 2008) , environmental sounds that might otherwise be considered "noise" can function as informative ecological "signals." Soundscape orientation refers to the ability of animals to use natural sounds in their environment as cues for general orientation (Slabbekoorn and Bouton 2008) . In aquatic environments, for example, crashing waves and current-induced turbulence, as well as the acoustic signals of invertebrates, fish, and mammals, result in habitat-associated sounds that can be used for orientation and habitat selection by larval or settlement-stage fish, crustaceans, bivalves, and coral (Simpson et al. 2005; Montgomery et al. 2006; Simpson et al. 2008; Kennedy et al. 2010; Stanley et al. 2010; Vermeij et al. 2010; Radford et al. 2010; Radford et al. 2011; Lillis et al. 2013; Eggleston et al. 2016; Lillis et al. 2016) . In terrestrial environments, playbacks of birdsong from suboptimal or previously unoccupied habitats can influence the settlement decisions of male songbirds seeking to establish territories near other conspecifics (Alatalo et al. 1982; Ward and Schlossberg 2004; Ahlering et al. 2006; Mills et al. 2006; Nocera et al. 2006) .
Anuran amphibians (frogs and toads) represent a particularly interesting group for studies of information use in the context of soundscape orientation. Male frogs often aggregate in suitable aquatic breeding habitat, such as a pond or stream, where they produce loud advertisement calls to attract females (Wells 1977; Gerhardt and Huber 2002; Wells 2007) . The roles of specific spectral and temporal properties of these signals in species recognition, mate choice, and male-male contests have been intensively studied Ryan and Rand 2001; Gerhardt and Huber 2002; Gerhardt and Bee 2007; Bee et al. 2016) . The fact that anuran advertisement calls are produced at high sound pressure levels (Loftus-Hills and Littlejohn 1971; Gerhardt 1975; Penna and Solís 1998) has 2 important implications. On the one hand, breeding choruses are characterized by high levels of background noise that interferes with processing biologically informative signal properties by receivers in the chorus Bee 2015) . On the other hand, the sound of a chorus, and thus the sound associated with breeding aggregations, can propagate into the environment over distances of several hundred meters (Arak 1983; Gerhardt and Klump 1988; Narins and Zelick 1988; Sinsch 1990 ). Some of the earliest studies of soundscape orientation, as well as more recent ones, have shown that anurans approach the sound of a breeding chorus (Bogert 1960; Oldham 1966 Oldham , 1967 Gerhardt and Klump 1988; Bee 2007; Swanson et al. 2007; Christie et al. 2010; Buxton et al. 2015) . Orientation toward features of the soundscape that provide information on the presence and location of breeding aggregations is potentially adaptive, because anurans must often migrate to breeding ponds after dispersing into the surrounding habitat within and between breeding seasons (Oldham 1966 (Oldham , 1967 Sinsch 1990; Sinsch 1991; Sinsch 1992; Johnson and Semlitsch 2003; Smith and Green 2005; Sinsch 2006; Buxton et al. 2015) . Thus, for anurans, the sound of a chorus represents "noise" for animals communicating in the chorus, but also functions as an ecological "signal" that can facilitate the localization of active breeding aggregations. Interestingly, migratory newts orient toward sounds made by aggregations of calling male frogs as a means of finding suitable aquatic habitat Luengo 2004, 2007; Pupin et al. 2007) .
Few previous studies have attempted to determine the acoustic features of environmental sounds that are informative in terms of their ability to elicit orientation and approach behaviors (Simpson et al. 2005; Swanson et al. 2007; Simpson et al. 2008) . The aim of the present study was to determine the acoustic features of chorus "noise" that function as ecological "signal" in the context of soundscape orientation in 2 hylid tree frog species. We measured the orientation and approach behavior of females of the green tree frog (Hyla cinerea) and Cope's gray tree frog (Hyla chrysoscelis; hereafter, gray tree frog) in response to playbacks of recordings of natural chorus sounds (Figure 1a , e) and 3 artificial sounds that were modeled after the natural chorus recordings but differed in the number of potentially informative features they possessed. All 3 types of artificial chorus sound possessed the same time-averaged frequency spectrum as the natural chorus recordings . Two of these artificial chorus sounds also possessed the same time-averaged temporal modulation spectrum present in the natural chorus sounds (Figure 1c, d, g, h) . The temporal modulation spectrum depicts the rates of sound level fluctuations (i.e., amplitude modulation) present in natural sounds (Vélez and Bee 2010, 2011; Vélez et al. 2012) . One artificial chorus sound additionally contained information about the timing and temporal properties of the actual calls present in natural chorus sounds (Figure 1d, h) . Together, these 4 types of chorus sound stimuli were designed to determine whether the frogs orient to chorus sounds and if so, whether they require information conveyed by individual signals embedded in the chorus sound, or whether the long-term averages of a reduced set of spectro-temporal features could function as an ecological signal for orientation.
MATERIALS AND METHODS

Subjects
The University of Minnesota's Institutional Animal Care and Use Committee reviewed and approved our use of tree frogs as experimental subjects (IACUC No. 0809A46721). All subjects were gravid females that were found in amplexus, collected from their natural breeding habitat, and tested in the laboratory. A recent study indicated that female tree frogs do not use social information to orient if they are not in breeding condition (Höbel and Christie 2016) . Green tree frogs were collected in April and May 2011, from ponds located on the grounds of the East Texas Conservation Center near Jasper, TX, USA (30° 57′4.01′′ N, 94° 7′ 39.53′′ W). Gray tree frogs were collected in May and June 2011, from wetlands in the Carver Park Reserve (44° 52′ 49.29′′ N, 93° 43′ 3.10′′ W) and the Crow-Hassan Park Reserve (45° 11′ 18.71′′ N, 93° 39′ 9.05′′ W), both near Minneapolis, MN. Subjects were maintained at approximately 4 °C to delay oviposition until they could be tested (usually within 24-48 h) in our laboratory at the University of Minnesota. Just prior to testing, we placed subjects in an incubator for at least 45 min to allow them to reach the temperature at which they were eventually tested. Testing temperatures approximated a typical nighttime temperature during the breeding season of each species (24° ± 1 °C for green tree frogs) or (20° ± 1 °C for gray tree frogs). In total, we collected and tested 100 females (50 per species). Two females of each species did not meet prespecified criteria for inclusion in the study (see below) and were excluded from the final dataset (total N = 96; N = 48 per species). All subjects were released unharmed at their location of collection within 3 days of testing.
Experimental approach
Apparatus and testing procedures Each subject was tested in 6 phonotaxis trials using the same general protocols and equipment described in previously published studies (Bee and Schwartz 2009; Vélez and Bee 2011; Vélez et al. 2012; . Briefly, we conducted single-speaker phonotaxis trials (Gerhardt 1995) under infrared (IR) illumination inside a walk-in, temperature-controlled, hemi-anechoic sound chamber (Industrial Acoustics Corporation, Bronx, NY). Phonotaxis trials were conducted using a circular test arena (2-m diameter) with walls made from 60-cm high hardware cloth. The arena wall was covered in black fabric so that it was acoustically transparent but visually opaque. The arena floor was made of low-pile gray carpet. The inside perimeter of the arena floor was divided into 24 arcs of 15°. An IR-sensitive camera mounted from the ceiling of the sound chamber above the center of the test arena was used to score behavioral responses in real time by 2 observers viewing a monitor outside the chamber.
Digital acoustic stimuli (11.025-kHz sampling rate, 16-bit resolution) were output from a PC (Dell Corporation, Round Rock, TX) using Adobe Audition version 1.5 (Adobe Systems Incorporated, San Jose, CA) and a Firewire 410 sound card (M-Audio, Cumberland, RI). Stimuli were amplified using a Sonamp 1275 amplifier (Sonance, San Clemente, CA) and broadcast through 1 of 2 Orb Mod1 speakers (Orb Audio LLC, New York, NY). The 2 Spectro-temporal properties of the different sound treatments used in phonotaxis experiments with green tree frogs (a-d) and gray tree frogs (e,f). For each sound treatment, the left panel depicts the waveform of a 10-s sample of one exemplar, whereas the mean (black) ± 1 SD (gray) time-averaged frequency spectrum and temporal modulation spectrum of the 24 exemplars are shown in the middle and right panels, respectively. Sounds N (a, e) are bandpass filtered recordings of natural choruses (see methods for details). Sounds A1 (b, f) have the same time-averaged frequency spectrum of the corresponding sounds N but lack temporal information. Sounds A2 (c, g) have the time-averaged frequency spectrum and time-averaged modulation spectrum of the corresponding sounds N but the timing of amplitude fluctuations is random. In addition to having the time-averaged frequency and temporal modulation spectra of sounds N, sounds A3 (d, h) contain information about the actual timing and temporal structure of individual calls in the chorus. Time-averaged frequency spectra and temporal modulation spectra were generated in Matlab with Hamming windows of 65 536 samples with a 25% overlap at a sampling rate of 11.025 kHz. For plotting purposes, frequency and modulation spectra were smoothed with a moving-average filter of 100 points and 4 points, respectively. playback speakers were positioned just outside the arena wall, 180° apart around the perimeter of the arena, and aimed toward the center of the arena. The absolute positions of the 2 speakers were randomly varied around the arena's perimeter between tests of 2 to 4 subjects to minimize any possibility of directional response bias. We have not observed such biases using these procedures in our experimental setup. The frequency response of our playback system was flat (± 2.5 dB) between 500 Hz and 5000 Hz. A phonotaxis trial was initiated by placing a subject in a small (9-cm diameter, 3.5-cm height), acoustically transparent holding cage made of plastic mesh (0.3 cm mesh size) and located on the floor at the center of the arena. Subjects could freely reorient inside the holding cage. Following a 1-min acclimation period, stimuli were broadcast for 15 s prior to releasing the subject using a rope and pulley system that could be operated from outside of the chamber. Subjects were given time-outs lasting 5-15 min inside the incubator between phonotaxis trials. The first and last phonotaxis trials were considered "reference trials," in which we measured each subject's orientation in response to repeated broadcasts of an attractive synthetic call with species-typical acoustic properties designed to simulate a calling conspecific male (Figure 2 ; . The purpose of these 2 trials was to ensure that subjects were responsive to acoustic stimulation preceding and following the 4 intervening trials in which their responses to experimental sounds were tested. For inclusion in the dataset, subjects were required, in both reference trials, 1) to make their first contact with the test arena wall in the half of the arena from which the stimulus originated, 2) to contact the arena wall inside the 15° arc centered in front of the speaker within 5 min of being released, and 3) to remain in a 30° arc centered in front of the speaker for 30 s. In our experience, subjects that fail to meet these criteria are unmotivated to respond to any sound. Four of 100 subjects did not meet these 3 response criteria.
Acoustic stimuli
Synthetic acoustic stimuli were generated using Matlab v7.6 (Mathworks, Natick, MA). For green tree frogs, the synthetic call ( Figure 2b ) used in reference trials was composed of 3 sinusoids with equal amplitudes and with frequencies of 850 Hz, 2550 Hz, and 2833 Hz (0° starting phases). The call was 147 ms in duration and its amplitude envelope was shaped with a 25-ms onset and 50-ms offset. During a reference trial, the call repeated with a period of 562 ms (1.78 calls/s). For gray tree frogs, the call used in reference trials (Figure 2d ) was composed of 32 discrete pulses delivered at a rate of 45.5 pulses/s (22 ms pulse period). Each pulse was 11 ms in duration and consisted of 2 sinusoids (0° starting phases) with frequencies (and relative amplitudes) of 1250 Hz (−9 dB) and 2500 Hz (0 dB). The amplitude envelope of each pulse was shaped with a 4-ms onset and a 7-ms offset. The first 50 ms of the call was shaped with a linear onset. During a reference trial, the call repeated with a 5-s call period (12 calls/min). For both species, calls were calibrated to 85 dB sound pressure level (SPL re. 20 µPa; LCF) during reference trials, as measured from the subject release point at the center of the arena (1 m distance). This sound level approximates the levels produced by calling males measured at similar distances (Gerhardt 1975) . We also tested the orientation behavior of subjects in response to 4 experimental stimuli, which we here refer to as sounds N, A1, A2, and A3. To increase the external validity of our results (Hurlbert 1984; Kroodsma 1989; Searcy 1989; Slabbekoorn and Bouton 2008) , we created a total of 24 exemplars of each of the 4 types of sound for each species. Each exemplar was based on 1 of 24 different acoustic recordings of a natural chorus (i = 24). These recordings were made using procedures described in (Vélez et al. 2012) for green tree frogs and in (Vélez and Bee 2010, 2011) for gray tree frogs. Briefly, we made digital recordings (44.1-kHz sampling rate, 16-bit resolution) of choruses using a Marantz PMD-670 recorder (Marantz America LLC, Mahwah, NJ) and a Sennheiser ME62 omnidirectional microphone (Sennheiser Electronic Corporation, Old Lyme, CT). Recordings were made on nights and at times of high calling activity. We placed the tip of the microphone 5 cm above ground or water level and between 4 m and 15 m away from the nearest calling male. Recordings were obtained on different nights, at different ponds, or at different locations and times within a pond. We only used recordings made at times when no other anuran species were heard calling, or when other anuran species were calling at relatively low densities and from positions located well away from the microphone. Thus, for each species, the dominant sound in these recordings was a conspecific chorus. Such acoustic conditions are common during the breeding seasons of both species at our study sites. From each of the i = 24 chorus recordings for each species, we chose a 90-s segment, down-sampled it to 11.025 kHz, normalized it to a common root-meansquare (RMS) amplitude, and used it as the basis for constructing 24 exemplars of sounds N, A1, A2, and A3 for that species.
Sound N (Figure 1a , e) was a natural chorus recording (here, "N" means "natural"). To construct the i th exemplar of sound N, we transformed the 90-s segment of the i th chorus recording to the spectral domain using a fast Fourier transform (FFT window size = 992 250 points). We then bandpass filtered the generated spectrum between 700 Hz and 4700 Hz for green tree frog choruses and between 850 Hz and 3300 Hz for gray tree frog choruses by setting the Fourier coefficients outside of these ranges to zero. Lastly, we transformed the filtered spectral domain representation of each sound N exemplar back to its temporal domain representation using an inverse FFT.
We also used unique exemplars (i = 24) of sounds A1, A2, and A3 for each species (here, "A" means "artificial"). The numeral associated with each artificial sound (A1, A2, or A3) represents the number of potential sources of information present according to our experimental design. Sound A1 (Figure 1b, f) had one source of biological information: the time-averaged frequency spectrum of the corresponding 90-s recording of a natural chorus. This sound lacked sources of biologically relevant temporal information. Sound A2 (Figure 1c, g ) had 2 sources of biological information: the time-averaged frequency spectrum and the time-averaged temporal modulation spectrum of a natural chorus. Thus, this artificial sound had the same frequency spectrum as natural choruses and it fluctuated randomly in sound level at the same rates of temporal amplitude modulation that are present in natural choruses. Importantly, however, the temporal modulation in sound A2 lacked information related to the production and timing of specific calls in the chorus. Finally, Sound A3 (Figure 1d, h ) was constructed to contain information about the time-averaged frequency spectrum and temporal modulation spectrum of natural choruses and it also contained information related to the production and timing of individual calls in the chorus.
The i = 24 exemplars of sounds A1-A3 were constructed from a set of 24, 90-s tokens of white noise (11.025 kHz sampling rate). We shaped the frequency spectrum of the i th exemplars of sounds A1-A3 by transforming the i th 90-s token of white noise to the spectral domain using an FFT, imposing the frequency spectrum of the i th 90-s N sound, and then transforming the resulting spectrum back to the temporal domain with an inverse FFT. Each exemplar of sound A2 (Figure 1c, g ) was further manipulated by imposing the time-averaged temporal modulation spectrum of the i th filtered, 90-s chorus recording so that, in addition to the frequency spectrum of a chorus, it also had the natural temporal modulation spectrum of a chorus. To this end, we first extracted the Hilbert envelope of the i th chorus recording, obtained its modulation spectrum by transforming the Hilbert envelope to the frequency domain and then lowpass filtered the modulation spectrum with a cutoff frequency of 20 Hz for green tree frogs and 80 Hz for gray tree frogs. Next, we extracted the Hilbert envelope of the i th spectrally-shaped exemplar of sound A2, transformed it to the frequency domain and multiplied it by the filtered modulation spectrum of the i th chorus recording. Finally, we transformed the resulting modulation spectrum back to the temporal domain with an inverse FFT and imposed the resulting envelope on the i th exemplar of spectrally-shaped sound A2. This procedure effectively modified each i exemplar of sound A2 so that it had both the time-averaged frequency spectrum and time-averaged temporal modulation spectrum of the i th 90-s segment of a natural chorus but it had random moment-to-moment level fluctuations that were not related to the timing of naturally produced calls in the i th chorus recording.
To generate each exemplar of sound A3 (Figure 1d , h), we first extracted the Hilbert envelope of the filtered, 90-s segment of the i th chorus recording. This envelope was transformed to the frequency domain and the resulting modulation spectrum was lowpass filtered with cutoff frequencies of 20 Hz for green tree frogs and 80 Hz for gray tree frogs. We then transformed the modulation spectrum back to the temporal domain and imposed the resulting envelope on the envelope of the i th exemplar of spectrally-shaped sound A3. The resulting sound A3 exemplar had the time-averaged frequency spectrum and time-averaged temporal modulation spectrum of the i th 90-s segment of a natural chorus, as well as an amplitude envelope that also included the actual peaks and dips present in the amplitude envelope of i th chorus recording that were associated with the timing and temporal properties of calls from different males present in the chorus.
Finally, for each sound exemplar generated, we created an approximately 6-min long version by appending 4 copies of itself at the zero crossings nearest to the beginning and the end of each 90-s waveform. In all treatments, the equivalent long-term RMS amplitude of the sound was set to 70 dB SPL (LC eq ) measured at the subject release point at the center of the arena. This level falls within the range of sound pressure levels we have previously recorded near choruses of both species (Swanson et al. 2007 ; M.A. Bee, unpublished data). Sound pressure levels for all acoustic stimuli were calibrated by placing the microphone (Type 4950) of a Brüel & Kjaer Type 2250 sound level meter (Bruel & Kjaer North America Inc., Norcross, GA) at the approximate position of a subject's head at the central release point in the test arena.
Experimental design
We used a within-subjects design to measure the behavior of 48 subjects of each species in response to each of the 4 experimental stimuli created for that species (N, A1, A2, and A3). An individual subject was always tested with the 4 sounds constructed from the same (i th ) original chorus recording (i.e., N i , A1 i , A2 i , and A3 i ). We tested 2 different subjects of each species with each of the i = 24 exemplars of each sound. For each subject, we randomly chose the exemplar, without replacement, and the order in which the 4 sounds were tested.
The series of 6 tests for each subject began and ended with a reference trial. After the first reference trial, we started a series of 4 treatment trials. In a treatment trial, the corresponding experimental stimulus (N i , A1 i , A2 i , or A3 i ) was broadcast continuously from the speaker on the floor that was positioned 180° away from the speaker used in reference trials. Subjects were allowed to listen to each stimulus for 1 min and then were released from the holding cage. Upon release, subjects were given up to 5 min to make contact with the wall of the arena while listening to the stimulus.
Statistical analysis
The orientation of phonotaxis by female tree frogs in response to chorus sounds is less directed than orientation in response to broadcasts of individual advertisement calls (Swanson et al. 2007; Christie et al. 2010 ). In addition, fewer subjects typically respond to chorus sounds than will respond to presentations of individual advertisement calls. Therefore, in lieu of using circular statistics, which only consider positive responses, we used an analysis method that considered both responsiveness (i.e., positive and negative responses) and the directionality of positive responses. We divided the perimeter of the circular test arena into 8 zones of 45° width and designated the "response zone" as the 45° arc centered on the playback speaker. We scored a binary dependent variable as 1 (response) if the subject's first contact with the arena wall was in the response zone and 0 (no response) if the subject's first contact was outside the response zone or the subject failed to make contact with the arena wall within 5 min. To assess the attractiveness of our most and least informative stimuli (i.e., sound N and sound A1, respectively), we compared the number of responses and no responses observed to the number of "false alarm" responses and no responses that would be expected in a "sham" test with no sound present. Instead of using 12.5% (i.e., one-eighth of 360°) as an expected false alarm rate, which incorrectly assumes that 100% of subjects make contact with the arena wall within 5 min, we used actual data on expected false alarm rates. In previous studies of green tree frogs (Vélez et al. 2012 ) and gray tree frogs (Vélez and Bee 2010), we tested animals in sham conditions using the same experimental set up described above and observed their behavior in the absence of any sound stimuli. We reanalyzed data from these previous studies using the response criteria of the present study to determine the expected false alarm rate as the number of individuals that would have been scored as making their first contact with the arena wall in a 45° arc centered on a silent playback speaker. For green tree frogs, 0 of 24 subjects responded in sham trials, and for gray tree frogs, 2 of 20 subjects were scored as responding in sham trials. For each species, we conducted separate Fisher's exact tests comparing responses from the first and second groups of 24 subjects presented with our set of unique (i = 24) exemplars to the data obtained from sham trials. For each species, we report results from a Fisher's combined probability test (Fisher 1925) , which combines results from the 2 separate Fisher's exact tests of each group of 24 subjects of that species. Because the same data from sham trials were used in tests of both exemplar sets within a species, we used a significance criterion of α = 0.025 for these analyses to control for multiple comparisons.
We used Generalized Estimating Equations (GEE) (Hardin and Hilbe 2012) to compare response rates across the 4 sound stimuli (N, A1, A2, and A3) and across species. GEE provides a method for examining within-subjects data for the effects of multiple factors on binary response variables. For these analyses, we specified a binomial distribution, logit link function, and an unstructured working correlation matrix. Subject ID and exemplar ID were specified as subject variables and stimulus was specified as a withinsubjects variable. In our initial, full GEE model, we examined the main effects of stimulus (N, A1, A2, and A3) and species (green tree frogs and gray tree frogs). In this full model, we also included 3 additional terms for the stimulus × species interaction, a main effect of test order (i.e., first subject or second subject tested with each exemplar), and the stimulus × test order interaction. None of these 3 additional terms were significant in the full model (see Table 1 ). They were not included in the final model based on the corrected quasi likelihood under independence model criterion (QICC). For investigating the main effect of stimulus, we ran the model specifying sound N, sound A1, or sound A2 as the reference condition. This allowed us to assess directly whether response rates for each of our 3 artificial stimuli (A1, A2, and A3) were different from responses to natural chorus noise and to each other. We used a type I error rate of α = 0.05 to determine statistical significance in all GEE analyses.
RESULTS
Compared with silence, the sounds of a natural chorus elicited orientation and positive phonotaxis from significantly greater numbers of subjects. Overall, response rates were nearly an order of magnitude higher in response to sound N, the natural chorus recording, compared with the false alarm rate estimated from silent sham trials. Considering both species together, 40 of 96 subjects (41.7%) responded to sound N, whereas only 2 of 44 subjects (4.5%) did so in the sham trials. In green tree frogs, 10 of 48 subjects (20.8%) responded to sound N (6 of 24 subjects and 4 of 24 subjects responded in the first and second tests of each exemplar, respectively). In contrast, 0 of 24 green tree frog subjects (0%) were scored as responding in sham trials (Fisher's combined probability test: χ 2 = 12.1, df = 4, P = 0.017). The overall response rate was higher for gray tree frogs, in which 30 of 48 subjects (62.5%) responded to sound N (13 of 24 subjects and 17 of 24 subjects responded in the first and second tests of each exemplar, respectively). Only 2 of 20 gray tree frog subjects (10%) were scored as responding in sham trials (Fisher's combined probability test: χ 2 = 30.9, df = 4, P < 0.001). These data confirm that, for both species, the sound of a natural chorus is an attractive stimulus that is able to elicit orientation and approach at rates higher than empirically estimated false alarm rates.
In contrast to the natural chorus sound, the artificial chorus with information related only to the time-averaged frequency spectrum (sound A1), was not attractive. That is, responses to sound A1 did not differ from expectations based on the false alarm rates determined in sham trials. Considering both species, 11 of 96 subjects (11.5%) were scored as responding to sound A1. Of these 11 of 96 subjects, 1 of 48 subjects (2.1%) was a green tree frog (Fisher's combined probability test: χ 2 = 7.6, df = 4, P = 0.108) and 10 of 48 subjects (20.8%) were gray tree frogs (Fisher's combined probability test: χ 2 < 0.01, df = 4, P = 1.0).
The GEE analysis revealed significant differences in response rates due to the main effect of stimulus (Figure 3a ; Table 1 ).
Compared with sound N, response rates were significantly lower in responses to sounds A1 (Wald χ 2 = 22.5, df = 1, P < 0.001) and A2 (Wald χ 2 = 15.2, df = 1, P < 0.001) but not sound A3 (Wald χ 2 = 0.6, df = 1, P = 0.437). Compared with sound A1, response rates were significantly higher for sound A3 (Wald χ 2 = 18.5, df = 1, P < 0.001) but not sound A2 (Wald χ 2 = 1.5, df = 1, P = 0.227). Response rates were also significantly higher for sound A3 than for sound A2 (Wald χ 2 = 1.5, df = 1, P = 0.227). The GEE analysis also revealed a significant difference in response rates as a function of species (Table 1) . The main effect of species was due to uniformly higher response rates in gray tree frogs compared with green tree frogs (Figure 3b ).
DISCUSSION
The ability of anurans to orient toward and approach the sound generated by choruses of calling males is well established (Bogert 1960; Oldham 1966 Oldham , 1967 Gerhardt and Klump 1988; Bee 2007; Swanson et al. 2007; Christie et al. 2010; Buxton et al. 2015) . However, the specific acoustic information that elicits soundscape orientation remains unknown for frogs and most other animals. The present study investigated properties of chorus "noise" that potentially act as informative "signals" that can elicit soundscape orientation from gravid female tree frogs. The main conclusions from this study, in light of earlier work, are as follows. First, information conveyed by the time-averaged frequency spectrum of chorus sounds is neither necessary nor sufficient to elicit soundscape orientation. Second, additional information conveyed by the timeaveraged amplitude-modulation spectrum may be necessary but is not sufficient to elicit positive phonotaxis to the sound of a chorus. Finally, temporal information corresponding to the calls and calling behavior of signalers in the chorus is necessary and sufficient to elicit soundscape orientation, provided it is carried by audible sound frequencies. The primary evidence from the present study supporting our main conclusions is that phonotaxis was elicited by sounds N and A3 but not sounds A1 and A2. Both green tree frogs and gray tree frogs failed to exhibit significant orientation directed toward sound A1, which lacked temporal information but had a time-averaged frequency spectrum precisely matching that of natural choruses. This result corroborates findings from earlier studies of both species (Swanson et al. 2007; Vélez et al. 2012) . Importantly, females of both species do approach acoustic stimuli that fluctuate in amplitude at modulation rates typical of conspecific chorus sounds, even if the frequency spectra of the stimuli do not precisely match those of conspecific choruses (Vélez et al 2012; Vélez and Bee 2011, 2013) . Hence, in the tree frog species tested so far, spectral information related to the time-averaged frequency spectrum of conspecific chorus sounds is not an absolute requirement to elicit soundscape orientation.
Interestingly, there appears to be species diversity regarding the role of spectral information in soundscape orientation. In contrast to green tree frogs and gray tree frogs, for example, spectral information alone is sufficient to elicit soundscape orientation by females of the American toad (Anaxyrus americanus) (Swanson et al. 2007 ). The mechanistic basis underlying these species differences among anurans remains unknown. Our results regarding the apparently limited role of spectral information in soundscape orientation by tree frogs also contrast with studies investigating the properties of ecological sounds that elicit soundscape orientation in fish. The frequency of sounds generated on coral reefs ranges from approximately 100 Hz to 10 kHz (Simpson et al. 2005) . Relatively low frequencies below about 600 Hz are generated primarily by fish, whereas higher frequencies are predominantly produced by snapping shrimp and other invertebrates (Simpson et al. 2005 (Simpson et al. , 2008 . Sounds consisting of only the higher frequencies present in the sounds of natural coral reefs were more effective at attracting fish larvae of several species than sounds containing only the lower frequencies (Simpson et al. 2005 (Simpson et al. , 2008 . These results suggest that the frequency content of coral reef noise could be an important acoustic signal guiding soundscape orientation in fish. However, the sound stimuli used in those experiments also contained potential information related to the temporal structure of the sounds produced by fish (low-frequency treatments) and invertebrates (highfrequency treatments). Therefore, it remains possible that the low-frequency and high-frequency sound stimuli differed not only in their spectral properties but also in behaviorally salient temporal properties, and that fish larvae were attending to differences in the available temporal information.
A key finding from the present study is that it confirms a critical role in soundscape orientation for the precise temporal information arising from the calling behavior of individual signalers in a breeding aggregation. This conclusion is based on the observation that, among the artificial sounds used in this study, only sound A3, which carried information about the timing and temporal properties of actual calls, elicited phonotaxis responses similar to those elicited by natural choruses (sound N). Importantly, information related to the time-averaged temporal modulation spectrum of conspecific chorus sounds alone (sounds A2) was insufficient to elicit soundscape orientation. These results, therefore, suggest that for green tree frogs and gray tree frogs, the information required to elicit orientation to a chorus is not solely a function of emergent acoustic properties arising from the collective mixture of calls constituting the chorus itself, as reflected by the time-averaged frequency spectrum and time-averaged temporal modulation spectrum. Instead, soundscape orientation in these 2 species appears to be driven by the perception of temporal information conveyed by the actual signals composing the chorus sound.
Soundscape orientation based on the timing and temporal properties of the actual calls composing choruses could limit the distances over which female frogs could use sound to orient toward and localize breeding aggregations. Reverberations and amplitude fluctuations imposed by atmospheric turbulence accumulate with distance from the sound source and obscure temporal information in acoustic signals (Wiley and Richards 1978; Richards and Wiley 1980; Ryan and Sullivan 1989) . Furthermore, the temporal structure of individual calls can be obscured by the calls of other males in the chorus. In both Cope's gray tree frogs (H. chrysoscelis) and Eastern gray tree frogs (H. versicolor), for example, the temporal structure of their pulsatile calls is significantly degraded in natural choruses over very short distances from a calling male (Kuczynski et al. 2010; Schwartz et al. 2016) . Under controlled laboratory conditions, Cope's gray tree frog females exhibit soundscape orientation in response to broadcasts of recordings of natural chorus obtained from distances up to 40 m from the breeding aggregation but not in response to broadcasts of recordings obtained at 80 m or 160 m (Swanson et al. 2007) . Similarly, in phonotaxis experiments in the laboratory, Eastern gray tree frogs (H. versicolor) respond to playbacks of chorus recordings obtained from distances under 40 m but not from further away (Christie et al. 2010) . Together, these results suggest that female frogs probably rely on soundscape orientation to locate breeding aggregations at relatively short distances. We would note, however, that soundscape orientation over distances of, say, 50 m is not trivial for a small frog measuring just 3 cm in total body length (i.e., snout-to-vent length), which is the approximate size of our 2 study species. Scaled to body size, this would be equivalent to orientation by a 180-cm tall human over a distance of about 3 km.
Phonotaxis toward chorus sounds may only be functional for soundscape orientation toward groups of actively calling males once females have already navigated to suitable breeding habitat. Frogs can use other, nonacoustic cues to orient toward suitable breeding habitat over large distances. For example, migration distances between hibernation and breeding habitats may be as large as 15 km in some anuran species (Sinsch 1990) , implicating important roles for orientation cues other than the sound of choruses. Indeed, barking tree frogs (Hyla gratiosa) and natterjack toads (Epidalea calamita) do not need the sound of breeding choruses to locate breeding ponds (Sinsch 1990; Murphy 2003) . Visual cues, including fixed landmarks in the terrain and celestial cues (Adler 1982) , olfactory cues (Grubb 1973) , and the earth's magnetic field (Shakhparonov and Ogurtsov 2017) are all used by anurans for general orientation in the environment and during migration events.
An additional finding from the present study was a species differences in overall responsiveness: Gray tree frogs were more likely to respond to any given sound than green tree frogs. These results may be due, in part, to species differences in exploratory behavior. We have previously shown that, in our testing apparatus, female gray tree frogs are more likely to leave the holding cage and wander around the test arena in the absence of attractive signals . As a result, gray tree frogs may be more likely to respond to any given sound than green tree frogs. However, this difference in responsiveness may also be due to differences in the extent to which species use sounds for orientation in the environment. Swanson et al. (2007) showed that female gray tree frogs show positive phonotaxis in response to recordings of conspecific choruses. However, Gerhardt and Klump (1988) showed that female green tree frogs did not exhibit selective phonotaxis to recordings of conspecific choruses, whereas females of a closely related species, barking tree frogs (Hyla gratiosa), did. Therefore, the extent to which different anuran species perform soundscape orientation varies, even among closely related species.
Studies of soundscape orientation in anurans can inform our understanding of the mechanisms and patterns of migration and dispersal in amphibians, topics of interest to behavioral ecologists and conservation biologists alike (Sinsch 1990; Semlitsch 2008; Buxton et al. 2015; Höbel and Christie 2016) . A recent study provides suggestive evidence that broadcasts of the sound of a chorus from unoccupied ponds can attract adults in breeding condition, potentially allowing for the colonization of new breeding habitats (Buxton et al. 2015) . Outside of the breeding season, however, adult females exhibit little evidence of using acoustic social cues for orientation (Höbel and Christie 2016) . One critical question that remains is whether juveniles use the sound of the chorus during migration and dispersal events. Our results on the acoustic properties that are important for soundscape orientation can inform future conservation efforts and ecological studies on anuran migration and dispersal that take into account the effects of habitat-related sound degradation.
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